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The objective of this research was to compare the 
results from three Cation Exchange Capacity (CEC) measure­
ment methods.
In this research the CEC was determined by:
a. Conductivity (from CQ vs. Cw plots)
b. Wet Chemistry
c . Membrane Potential
Twelve rock samples (core plugs) were used. The average 
porosities of the core plugs ranged from 10% to 23%. The 
range of CEC values from conductivity method extended from
O.58 to 15.II meq/lOOgms. The conductivity of core plugs (CQ ) 
was determined at five- water salinities (150K> 80K, 60K, ^0K, 
and 10K ppm NaCl).
In wet chemistry method the core plugs were ground to 
a size necessary to pass through a number 20 sieve. The 
CEC values ranged from 0.135 to 21.107 meq/lOOgms for 20 
sieve.
The Membrane Potential experiment was done by an outside 
contractor. The CEC values obtained from this experiment did 
not have a good correlation with the CEC values from wet 
chemistry and conductivity methods. The CEC values from wet 
chemistry method and CEC values from conductivity method
iii
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showed a good correlation. Correlation equation was devel­
oped for these two experiments by using first degree poly­
nomial regression. The CEC values calculated by the equation 
were compared with the actual CEC values from conductivity 
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Cation Exchange Capacity (CEC), according to Grim (1953) 
may be explained as:
"Clay minerals have the property of sorbing certain 
cations and anions and retaining these in an ex­
changeable state i.e, they are exchangeable for 
other anions or cations by treatment with such ions 
in a water solution (the exchange reaction also 
takes place sometimes in a non aqueous environment).
The exchange reaction is stoichiometric. The ex­
changeable ions are held around the outside of the 
silica alumina clay mineral structural units and 
the exchange reaction generally does not affect the 
structure of the silica-alumina packet. A simple 
and well known example of the ion exchange reaction 
is the softening of water by the use of Zeolites,. 
permuties, or carbon exchangers."
Johnson and Linke (1978) stated; "Cation Exchange 
Capacity is defined as the amount of positive ion substi­
tution that takes place per unit weight of dry rock." The 
most common exchangeable cations are Ca, Mg, OH, K, Na, and 
NH^ which are the ions most commonly encountered in the 
hydrocarbon bearing formations.
CEC is most commonly expressed im milliequivalents per 
100 grams of dry rock and the same unit is used in this 
investigation. A milliequivalent (meq) is defined as one 
milligram of Hydrogen (H ) or the mass of any other cations 
may be expressed in milliequivalents by changing them over 
into their hydrogen equivalents.
There are many methods for the measurement of cation
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exchange capacity, These methods are described in references 
by: Davidson and Sheeler (1952), Peech (19^5)» Kelly (19^8), 
Mortland and Mellor (195^), Hill and Milburn (1956), Thomas 
(1976), Worthington (1973), Bush and Jenkins (1977), Campos 
and Hilchie (1980),
Most of the methods can be separated into three stages?
1. Preparation of sample.
2. Conversion of all exchangeable ions to one species 
and the excess is washed out.
3 . Determination of CEC, usually based on titration.
In quantitative interpretation of electrical logs the
presence of clay minerals introduces an additional variable 
which further complicates an already complex problem.
Despite the incomplete state of knowledge regarding electro­
chemical behavior of shales, clay minerals and concentrated 
electrolytes, it is important that some useful empirical 
correlations be obtained from experimental investigation 
and then used in log interpretation.
Hill and Milburn (1956), developed an empirical equa­
tion from experiments on samples from six typical sandstone 
formations and approximately ^5 samples from each formation. 
This empirical equation quantitatively relates formation 
resistivity factor to saturating solution resistivity, 
porosity and "effective" clay content. Effective clays have
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a high CEC and have a pronounced effect on the resistivity 
of the rock# Bentonite, montmorillonite and illite are 
classified as effective clays. This empirical equation was 
indicated to be uniformly applicable to clean or shaly 
reservoir rocks. It was shown that both SP log and resisti­
vity phenomenan of shaly samples were related to the sample's 
cation exchange capacity. They also concluded that the 
effect of clay on electrochemical properties of reservoir 
rocks increases as the ratio of clay to water content inc­
reases. It is probable, therefore, that hydrocarbon satura­
tion increases the effect of clay on both resistivity and 
SP logs.
Hill and Milburn's equation is as:
The parameter 'b' in the equation was linearly correlated 




Rq = rock resistivity 100% saturated with 
water of resistivity R .w
b = - 0.135 (§§^) - 0.0055 (2)
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where
CEC = meq/lOO grams 
PV = pore volume, cnr/gms 
FQ1 = Formation resistivity factor at
R =0.01 ohm-m.w
Waxman and Smits (1968), developed a simple physical 
model and used it to develop an equation that related the 
electrical conductivity of a water saturated shaly sand to 
the water conductivity and the cation exchange capacity per 
unit pore volume of the rock. They used this equation on 
their experimental data and the equation also fit the ex­
perimental data of Hill and Milburn. It is pointed out that 
shaly sands behave as permselective cation exchange memb­
ranes, their electrochemical efficiencies increasing with 
increasing clay content. In their research Waxman and Smits 
showed agreement with the conclusions made by Hill and 
Milburn.
The equations developed by Waxman and Smits are ass
(3)
or F* = F ( 1 + R BQ )
W  V w
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where
£-F = Formation resistivity factor of the
shaly formation, the inverse of the
slope of the straight line of the
curve of C vs. C .o w
F = laboratory measured formation
resistivity factor determined with one 
salinity brine.
Qv = quantity of cation exchangeable clay 
present, meq/ml.
B = specific counterion activity,
— *t(mhos-m~ )/(meq/ml)
B = 4.6 (1 - 0.6 e ^ 0-777^ )   (5)
The term 'B* corrects the effect of the exchange cat­
ions for their reduced activity when R corresponds to a 
low salinity brine. The constants ^.6, 0.6, and O.77 were 
obtained empirically from intensive investigation of 27 
cores.
Qv in the above equation is related to the CEC by 
means of the following equation,
CEC =
Qv x 100 x 0 




CEC = meq/lOOgms of dry rock 
0 = fractional porosity
P_ = sand grain density, gms/cm^ &
I = S -nw
1 + R BQ w v
R BQ
1 + . w v
(7)
w
and I = l/Swn -------------------------- (8 )
where
I = resistivity Index (^t/R )
*
n = saturation index exponent independent
of clay conductivity.
n - saturation index exponent.
To apply Waxman and Smits equations for shaly sandstone log
* #interpretation we need to determine the values of F , n , B 
and Qv in the laboratory. Keelan and McGinley (1979) very 
lucidly explained how to determine these values and then to 
apply them to find the correct water saturation.
Thomas (1976), determined Qv from membrane potential 
measurements on shaly sands. This method determines the 
value of CEC per unit pore volume of a shaly sand formation
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sample "by using it as a membrane in an electrochemical cell 
This new technique is non-destructive, eliminates prior 
core analysis, uses small samples and provides representa­
tive values of Qv for non isotropic and homogeneous samples.
Thomas has confirmed the Waxman and Smits model for 
membrane potentials in shaly sands and developed an appa­
ratus that uses this approach to determine Qv from emf 
measurements on formation samples. This apparatus is porta-* 
ble and can be used at the wellsite to construct a Qv vs. 
depth log as the well is drilled, cored or sampled. These 
data are then quickly available for use with the Waxman and 
Smits equations for interpretation of resistivity log in 
shaly sand.
Smits (1968), examined the relation between Qv and 
membrane potentials with the parallel conductance model of 
Waxman and Smits. His calculation lead to the following 
equation;
dE t




*E t = emf of a cell with a liquid liquid
junction, Ag-AgCl electrode potentials 
included.
E = emf of a cell with a shaly sand mem- m
brane, Ag-AgCl electrode potentials 
included.
tjĵ  = Hittorf transport number of the sodium 
ion.
The emf is measured using Ag-AgCl electrodes. Thomas 
put equation (10) into a form more suitable for hand cal­
culators .
Recently, Donovan and Hilchie (1979), described that 
the effective shales (or clays) affect the natural radio­
activity of the formation. They found a linear correlation 
between gamma radiation and CEC.
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PROCEDURE FOR INVESTIGATION
The experimental analysis to determine the CEC was done 
in two different parts. In part 1 the CEC was determined 
from the conductivity measurements on 1 inch dia. x 2 inches 
long core plugs. In part 2 the CEC was determined by Ammonium 
Acetate wet chemistry method in exactly the same way as 
Campos and Hilchie (1980). The procedure and apparatus used 
in this part of investigation are given in Appendix B.
After completion of part 1, the middle 1 inch portion 
of the core plug for which conductivities were determined, 
was removed and CECs measured on this sample. The porosity 
of this portion was determined and recorded in Table 1. The 
effective core porosities were determined by the saturation 
method. The bulk volume of the samples was determined by 
mercury displacement using a Ruska mercury porosimeter. The 
core plug was weighed and then saturated with distilled 
water under vacuum and weighed again. The difference in the 
two weights gave the pore volume (V ). The effective porosity 
is then the ratio of pore volume to bulk volume.
After porosity determination a l/h inch thick piece was 
cut from this 1 inch thick piece which was used in the third 
(membrane potential) experiment. The rest of the 3/^ inch 
piece was pulverized in a steel mortar. It was ground to size
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necessary to pass through a number 20 sieve (0.85 mm). The 
sample was then divided equally and uniformly in 2 portions. 
One of the two portions was again pulverized to pass through 
a number 60 sieve (0.25 mm). These two samples were then 
used in part 2 .
PART ONE:
SAMPLE PREPARATION:
The core plugs ( 1 in. dia. x 2 in. long) were squared 
with a precision grinder to insure a smooth flat contact of 
the two end current electrodes. The core was cleaned with 
toluene, and dried. The cores were then saturated with 150K 
ppm sodium chloride (NaCl) solution under vacuum for at 
least twenty four hours.
APPARATUS:
PRESSURE EQUIPMENT:
Pressure was exerted on the frame of the rock sample 
by hydraulic oil pressing on the elastic sleeve and two 
stainless steel end plates (current electrodes) enclosing 
the core. The oil was retained by a thick walled pressure 
cell (3 in. ID x 7*5 in. long) made of high tensile strength 
mild steel. The wall thickness of the cell was approximately 
l/2 inch. The cell is shown schematically in Figure 1, and 
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Access to the cell was provided by a removable top 
with six l/4 in. x 1 in. long high tensile strength socket 
screws. The cell was pressure tested to 3000 psi. The 
resistivities were measured with the core under a constant 
500 psi pressure. The core assembly and the electrical 
connections were attached to the inside of the cell top. On 
the outside of this cap, there were four Amphenol Bulkhead 
Receptacles (Amphenol no. 31-238, UG912) with modified 
mounting threads (3/8 - 24 NEE’) were attached for electri­
cal connections. There were two Swagelok tube fittings 
(Swagelok No. SS JOQ-1-2 and SS 400-1-2) also attached to 
the top of the cap for tubes carrying saturating brine 
through the core, this complete assembly is shown in Fig. 1 .
As shown in the schematic of the pressure system in 
Figure 2, the internal (core) and external (overburden) 
pressure systems were completely separated. The external 
pressure system was used to apply pressure to the elastic 
sleeve and thus to the core. The pressure was generated 
with a Ruska Pump and transmitted to the cell by l/4 inch 
high pressure stainless steel tubing. There was a 2000 psi 
pressure gage on line between the cell and the pump which 
indicated the cell's pressure.
The internal or low pressure system which regulated 
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line connected to a bottle containing the saturating brine, 
the bottle was pressurized to 25 psi to force the brine 
through the core by opening the pressure line and closing 
it after the brine started flowing. The brine flowing 
pressure was maintained constant by repressurizing the 
bottle whenever the pressure fell below the desired pressure. 
A low pressure gage (50 psi) and a flow regulating valve 
were attached to this line as shown in the schematic in 
Figure 2.
The core was connected to the low pressure system 
through a hole in the top current electrode (end plate) and 
a hole was provided in the bottom current electrode (Ground) 
for the fluid to circulate through the core. The end plates 
were made of stainless steel with grooves on one face in 
order to disperse the brine equally on the face of the core. 
The detailed drawing of these end plates is given in 
Appendix C. Two Swagelok tube fittings, SS 400-1-2 and 
SS 300-1-2 were attached to the top end plate and bottom 
end plates respectively for tube fittings. The top end plate 
was attached to the top of the cell with l/4 inch Nylaflow 
tubing (nonconductor of electricity and rupture pressure 
rating 2500 psi) in order to avoid current flowing through 
the cell (short circuit). For the brine outlet, another 3/l6 
inch Nylaflow tubing was attached to the bottom end plate
T-2410 15
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and the top of the cell. The circulated brine through the 
core was discharged into a flask as shown in the schematic 
in Figure 2.
The pressure seal for the top of the cell was an O-ring 
made of Nitrile rubber (Parker Seals No. N67^-?0). The 
O-ring was replaced as a precaution after opening the cell 
each time.
SLEEVE ASSEMBLY:
One inch inside diameter and l/8 inch wall thickness 
transparent Tygon tubing was used as a sleeve during the 
course of the investigation. Tygon tubing made of Polyvinyl 
Chloride was selected to be used as a sleeve because of its 
flexibility, the pressure rating of the tubing is 65OO psi 
at 70°C. The objective of using the sleeve was to isolate 
the core and the saturating brine from the oil in the cell 
and secondly to be able to keep all the electrical connec­
tions in good contact with the core.
For each core a 3 inches long tube piece was cut from 
a roll of tubing, two l/l6 inch holes were made in the 
middle of the sleeve 1 inch apart. A needle was used to 
puncture the sleeve. After making the holes (2/56) stainless 
steel nuts and bolts were placed through the holes, these 
bolts were used as potential electrodes. A washer was placed
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on the extending end of the bolt followed by a nut. The nut 
was tightened until the head of the bolt appeared to be 
parallel with the inner surface of the sleeve. Once the 
core was placed in the sleeve the electrical continuity 
was checked between the potential electrodes and the end 
plates. The sleeve was discarded after the measurements on 
a core and a new piece of sleeve with new nuts and bolts 
was used for each core.
MOUNTING THE CORE:
The saturated core to be mounted was forced fit into 
the sleeve so that the two potential electrodes were exactly 
in the middle of the core. The two end plates were then 
slipped into the sleeve onto the two ends of the core. The 
the whole assembly was then held in a vice tight enough so 
as to insure a good contact between the end plates and the 
core, two hose clamps were then tightened one on each end 
of the sleeve. This assembly was then attached to the top 
of the cell.
The electrical leads from the top of the cell were 
connected tcfc the res-pective contact points as shown in 
Figure 1 and 2 and electrical continuity checked.
The core assembly was then placed in the cell and the 
cap bolted down. The cell was filled with oil and all
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electrical and pressure connections attached to the res­
pective connections. The oil was then pumped into the cell 
by the Ruska pump gradually in order to pressurize the cell.
CHANGING BRINE:
The resistivity readings were taken every two hours at 
each brine salinity. The temperature had a significant 
effect on the resistivity, therefore, the resistivity was 
taken at room temperature and then corrected to 7°°F by 
using the following relation from Schlumberger Log Inter­
pretation charts.
Rft = R?0 x (70 + 7)/(FT + 7)
or R70 = RRoom Temp. /X
X = 77/(Troom + 7)
The core was assumed to be in equilibrium with the 
saturating fluid when the resistivity was constant to within 
± 0 - 0 2  ohm-meter for at least six hours. The brine was then 
changed while the core still in the cell and under over­
burden pressure. To change to the next saturating brine,
pressure was released from the bottle, the bottle discon­
nected from the brine supply line and the previous brine
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removed. The bottle was properly rinsed with distilled 
water, dried and filled again with another brine, connected 
the bottle to the supply line and pressurized again to the 
desired flow pressure. The core used to get in equilibrium 
with the saturating brine (the resistivety used to get 
constant) after about 20 hours.
In the case when the cores had very low permeability, 
the cores were taken out of the cell to change the brine.
The core was taken out of the sleeve and dried in an oven for 
few hours and then saturated with the next brine under 
vacuum. After resaturating, the core was mounted back into 
the cell.
Brines with 150,000 ppm, 80,000 ppm, 60,000 ppm,
<̂0,000 ppm and 10,000 ppm sodium chloride were used in the 
decreasing order, i.e starting from 150,000 ppm to 10,000 
ppm. The resistivity of these brines was taken at 70°P.
After the measurements were made, the core conductivity 
(1/Rq) was plotted versus brine conductivity while the core 
was still in the cell. If any of the points were not in line 
with the other points, that respective brine point was 
remeasured. This happened only few times throughout the 
whole investigation. The correlation coefficients for the 
plots and standard deviation are given in Appendix D .
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RESISTIVITY MEASURING APPARATUS:
The four-electrode method was used to measure the 
resistivity of the cores as shown schematically in Figure 2. 
The system is similar to that used by Rust (1952) and then 
again by Hilchie (196^). In this method we had two current 
electrodes at the ends of the core for passing current 
through the core and two potential electrodes placed 1 inch 
apart on the sides in the middle of the core to measure 
potential drop. A resistivity measuring instrument was used 
which measured 1000 hertz resistivity in rock samples by 
a-PPlying a 10 volt peak 1000 hertz signal to the sample.
The current through the sample and the voltage across part 
of the sample are synchronously demodulated and these values 
were read on digital volt meter (DVM).
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RESULTS
The CEG values for all the experiments are given in 
Table 3f and Figures 3 to 32
The CEC values from conductivity extended from O .58 to 
15*11 meq/lOOgms. There were two core plugs with very high 
smectite content which gave the highest CEC of 10.^2 and 
15*11 meq/lOOgms. The F^ values for all the core plugs ob­
tained from the C vs. C plots were correlated with theo w
effective porosities determined for all these core plugs.
The data has a very good correlation as shown in Figure 3» 
resulting in the 'm' exponent of l.?8 which is about right 
for the type of clay in the samples. This indicates that the 
conductivity data obtained and consequently the CEC from the 
conductivity is right. The clay percentages in the core plugs 
obtained by X-Ray diffraction analysis are given in Table 
The plots of CQ vs. C^ for all the' core plugs are shown in 
Figures 9 through 20.
In method 'bf, the CECs were determined for sieve size 
20 and 60. The CEC values determined for sieve 60 were higher 
than that for sieve 20, which means that the CEC increases 
with increased grinding of the samples. These values are 
shown graphically in Figures 21 through 32. The CEC values 
ranged from 0.135 to 21.107 meq/lOOgms for sieve 20 and 0.^69
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to 2^.366 for sieve 60. The CEC for sieve 20 was assumed to 
be the CEC for the unground core plug for correlating the 
results with other experiments. The CECs determined for cores 
El and E2 may not be very reliable because there was irred­
ucible oil saturation in the samples. The CEC values of this 
experiment were also compared to the values determined by 
Campos and Hilchie which shows the type of clay present in 
the core plugs, this comparison is shown in Figures 7 and 8, 
which support our results and the X-Ray diffraction analysis 
given in Table
The Membrane Potential experiment was done by an out­
side contractor on part of the same core plugs. The CEC 
values obtained from this experiment gave a poor correlation 
with the other two experiments. This makes the results and 
consequently the method debateable for accuracy. The corre­
lations of all three experimants are shown in Figures 5 
and 6.
Out of three correlations tried, the correlation bet­
ween CEC from conductivity versus CEC from wet chemistry 
was a reasonable one. The correlation gave the following 
equation which was developed by using first degree polyno­
mial regression.
CEC, conductivity = O.7753 + 0.821 x CEC, wet chemistry
The CEC values calculated by the above equation were
T-2^10 23
compared with the actual CEC values obtained from conduc­
tivity and the average percent error was found to be 3^*23 
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The CEC from resistivity can be correlated to CEC 
from wet chemistry.
CEC from wet chemistry should not be used in Waxman 
and Smits model because the amount of grinding 
contributes to the CEC• The CEC increases with 
increased grinding of the sample.
The correlation developed in this research is for 
a very limited data, therefore, some more investi­
gation should be done to prove the validity of the 
correlation.
The resistivity measurements should be done at 
high temperatures because the CEC values will be 
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b = Hill and Milburn parameter related to effective
clay content of shaly sand at S = 1
B = equivalent conductance of clay exchange cations
(sodium) as a function of C at 25°C,mhos-m ^/meq/mlw
Ce = specific conductance of clay exchange cations, 
mhos-m
CQ = specific conductance of sand, 100 percent saturated 
with aqueous salt solution, mhos-m 
= specific conductance of aqueous electrolyte
-Isolution, mhos-m 
E t = emf of a cell with a liquid liquid junction, Ag- 
AgCl electrode potentials included.
*Em = emf of a cell with a shaly sand membrane, Ag-AgCl 
electrode potentials included.
F q  ̂ = Hill and Milburn formation resistivity factor for 
shaly sands.
F = formation resistivity factor for clean sand.
* /F = formation resistivity factor for sjaly sand (after
Waxman and Smits)
I = resistivity index
m = porosity exponent or lithology factor
n = Archie saturation exponent for clean sand.
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*n = saturation exponent for shaly sand.
Qv = volume concentration of clay exchange cations, 
meq/ml.
R0 = resistivity of sand 100 percent saturated with 
aqueous salt solution, ohm-m 
R^ = resistivity of a partially water-saturated sand, 
ohm-m.
R = resistivity of equilibrating aqueous salt solution, w
ohm-m.
u -p
t^ = Hittorf transport number of the sodium ion.
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Composition of the solutions used to measure the 
cation exchange capacity of clay in this research by wet 
chemistry method;
NORMALITY (DEFINITION):
Normality is defined as a normal solution containing 
one gram molecular weight of the dissolved substance divided 
by the hydrogen equivalent of the substance ( that is, one 
gram equivalent) per liter of solution.
A. 2 Normality (2N)- Ammonium Chloride solution
NH^Cl N: 1 x = 14
i V  4 x 1
Total: MW = 53-5
2N-NH^C1 = 2 x 53*5 = 107 gms/liter of solution.
B 1 Normality (IN)- Ammonium Acetate solution
CH^C00-NH^ C: 2 x 12 = 2 4
H: 7 x 1 = 7
0: 2 x 16 = 3 2
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N; 1 x 14 = 1 4
Totals MW - 1 1  gins.
1N-CH-C00-NH^ = 1 x 11 = 11 gms/ liter of solution
There are 77 grams of ammonium acetate in one liter of
1 normality Ammonium Acetate solution.
C. 0.1 Normality (0.1N)- Sodium Hydroxide
NaOH Nas 1 x 23 = 23
0: 1 x 16 = 16
H: 1 x 1 = 1
Total: MW = 4 0  gms.
O.IN-NaOH = 0.1 x 40 = 4 grams/liter of solution
There are 4 grams of sodium hydroxide in one liter of
0.1 normality sodium hydroxide solution.
D. 0.1 Normality (0.IN)— Hydrochloric Acid
The normality of HC1 is determined in the same way as 
above, but it is difficult to accurately weigh HC1 because 
it fumigates in the process and, therefore, accurate norma­
lity is difficult to achieve. It was decided to use ready 






The experimental procedure to determine CEC by wet 
chemistry method performed by Campos and Hilchie (1980) is 
reproduced here. The procedure was followed exactly in the 
same manner except for step 1 which was modified in this 
research. Before starting step 2, the 3/^ inch long section 
of the core was taken and crushed. The crushed sample was 
equally divided into two portions of two sieve sizes, sieve 
20 (0.85 mm) and sieve 60 (0.25 mm), respectively. After 
this step Campos and Hilchie*s procedure was followed step 
by step from step 2 onward.
LABORATORY PROCEDURE (after Campos and Hilchie)
The laboratory work was begun using the method 
described by Davidson and Sheeler, but the results were 
inconsistant. This procedure was for surface or very shallow 
samples, used for agricultural purposes. This method was 
modified as shown in the flow chart in Figure and described 
as follows.
1. Approximately 60 grams of dry sample was pulverized 
mechanically in a steel mortar. It was ground to a 
size necessary to pass through a number 16 sieve 
(1.19 mm). The sample was then divided equally and
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uniformly in 6 portions of approximately 10 grams 
each. This division was made using a sample split­
ter. The CEC of one of these samples was determined 
as described in the following procedure.
A second portion was again pulverized to pass 
through a number 40 sieve (0.42 mm) and its CEC 
was determined. A third portion was ground as many 
times as necessary so that all the sample passed 
through a number 60 sieve (0.25 mm), the CEC of 
this sample was then determined. A fourth part was 
ground to pass all the portion through a number 
140 sieve (0.104 mm). The CEC of this portion was 
then determined.
A fifth part was used to determine the CEC of a 
- sample with grain size equal or less than 0.004 mm; 
this was accomplished by grinding all the sample 
until it passed through a number 325 sieve. The 
sixth portion was kept in case it was needed for 
other purposes.
2. Take about 5 grams of sample, it is recommended 
to use no more than 5 grams of sample because the 
air bubbles that will be formed during the boiling 
might be so big that they may force some solution 
and sample out of the flask.
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3- Dry the sample in the air or in an oven. This
research used air-dried samples. The error in using 
air dried samples is very small (Worthington, 1973)* 
In this research, the air dried samples were found 
to create an average error of 0.08$ in 44 samples.
It should be noted that an oven dried sample is a
hygroscopic material which quickly resorbs water 
from the air and returns to about the same state 
as before drying.
4. Weigh the sample to the closest milligram.
5* Rinse the sample with acetone. This step removes
most of the oil contained in the sample.
6. Extract the sample in warm toluene. The objective 
of this step is to remove any residual oil still 
present in the sample.
7. Filter the sample, being careful not to lose any 
amount of it. All filterations should be made 
using a vacuum pump for a better operation and to 
keep the time required for filteration to a reason­
able length.
8. Rinse the sample with acetone and then with 
methanol until the solvents come out clear. The 
objective of this step is to eliminate any oil and 








Put the sample and the filter paper in a 500 ml. 
Erlenmeyer flask. Add 150 ml. of 2 normal ammonium 
chloride solution (2N-NH^Cl) plus 200 ml. of 
distilled water.
Boil the mixture for four hours, keeping the vol­
ume in the flask upto atleast 150 ml. When necess­
ary, add hot distilled water to maintain the vol­
ume. In this step, the carbonates are removed and 
the sample is refluxed. The refluxing removes 
residual hydrocarbon and/or solvents. If the sample 
contains some hydrocarbon or carbonates, the 
determined CEC will be much lower than the actual 
value (Davidson and Sheeler, 1952). The chemical 
reaction that occurs in this step is;
CaCO^ + 2NHj,Cl CaCl2 + C02 + 2NH^ + H20
Filter the sample.
Rinse the sample with 150 ml. of distilled water.
In this step, the excess of ammonium chloride 
remaining in the sample is washed out.
Filter the sample being careful not to lose any 
portion of the sample.
Put the sample and the filter paper in the Erlenme­
yer flask. Add 250 ml. of ammonium acetate solution 
with a normality equal to 1 (IN- CH^COONH^)
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In this step the ammonium ions displaced all the 
exchangeable ions of the sample. This chemical 
reaction is;
(clay)(cation) + CH^COONH^ CH^C00(cation) +
NH^ (clay)
15* Shake the mixture for 12 hours.
The objective of this step is to improve the con­
tact between the sample and the salt solution to 
better accomplish step 1^. In this research, an 
Eberbach two speed shaker (#6010) was used to 
shake the mixture. A speed of 180 excurtions per 
minute was used.
16. Filter the mixture being careful not to lose any 
portion of the sample.
17* Repeat step 1^.
The objective of this repetition is to assure that 
all the exchangeable ions are substituted by the 
ammonium ions.
18. Shake the mixture for k hours.
The remarks made for step 15 are applicable for 
this step.
19* Repeat step 16.
20. Wash the sample with 50 ml. .of a mixture of
methanol and distilled water (70$ methanol, by
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volume)
21. Repeat step 20 until the slurry (sample,water, and 
methanol) has a conductivity of 20 micro mhos/cm, 
or less.
In steps 20 and 21, the cations not hound to the 
clays are removed.
In this research, a conductivity Bridge, model 
PM-70CB ( Sybrom Barnstead) with a cell model 
E3416 (1.0 constant) was used to measure the con­
ductivity of the slurry.
22. Put the sample and the filter paper in a 500 ml.
Kjeldahl flask.
23* Add 150 ml. of distilled water.
2A. Add one tablespoon of magnesium oxide (MgO). In
this step the magnesium ions will displace the 
ammonium ions sorbed in step 1^. This chemical 
reaction is;
2NHĵ  (clay) + MgO Mg (clay) + 2NH^ + H20
25* Put 25 to 50 ml. of a solution of Hydrochloric
acid with normality equal to 0.1 (0.1N-HC1) in a 
500 ml. Erlenmeyer flask. The acid will react with 
the ammonia produced in step 2k as shown by the 
chemical equation;
2NH3 + H20 + 2HC1 2NH^C1 + H20
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26. Drop a small portion of 0.2% Methyl red into the 
acid.
The objective of this pH indicator is to show the 
end point of the titration (step 29).
27* Distill the contents of the Kjeldahl flask to dry­
ness. Be sure that there are no leaks in the sys­
tem. The distillation hook up is shown in Figure 
Be sure that the receiving tube of the condenser 
is well extended into the acid.
In this step all the ammonia produced in step 2k 
is displaced from Kjeldhal flask and reacts with 
the hydrochloric acid contained in the Erlenmeyer 
flask. The chemical equation of this reaction is;
2NH3 + H20 + 2HC1 2NH^C1 + H20
28. Wash the acid off the receiving tube into the 
Erlenmeyer flask with distilled water.
29. Titrate the mixture contained in the Erlenmeyer 
flask using a 0.1 normal solution of sodium hyd­
roxide (O.IN-NaOH). The end point of this titration 
occurs at a pH of 6.2. Read the burette to the 
nearest 0.1 ml.
30. Calculate the CEC using the equation;




CEC = cation exchange capacity, meq/lOO grams 
x = amount of HC1 in ml., used in step 25. 
y = amount of sodium hydroxide in ml., used 
in step 29*




































































































Slope of least square line











Cation exchange capacity, (CEC), meq/lOOgm 1.3587
Porosity from Archie's equation 0.1803
CORE # A 2 .
Corralation Coefficient 
Standard deviation 
Slope of least square line











Cation exchange capacity, (CEC), meq/lOO gm 2.1058 





Slope of least square line 0.0557
*Formation Resistivity Factor, FR 17*9643
Y- Intercept 0.0249
BQv , mhos/meter 0.4474
Qv » meq/ml 0.1692
Cation exchange capacity, (CEC), meq/lOOg 1.6862 




Slope of least square line 0.0478
*Formation Resistivity Factor, FR 20.9151
Y- Intercept 0.0385
BQy , mhos/meter 0.8061
Qv » meq/ml O .2587
Cation exchange capacity, (CEC), meq/lOOg 2.3594 





Slope of least square line 0.0311
Y- Intercept 0.0198
*Formation Resistivity Factor, FR 32.1572
BQv , mhos/meter 0.6369
Qv , meq/ml 0.2198
Cation exchange capacity, (CEC), meq/lOOg 1.5658 




Slope of least square line 0.0271
Formation Resistivity Factor, FR 36.8344
Y- Intercept 0.0200
BQv , mhos/meter 0.7373
Qv , meq/ml 0.2429
Cation exchange capacity, (CEC), meq/lOOg 1.6.124 





Slope of least square line 0.0245
Formation Resistivity Factor, F* 40.8830
Y- Intercept 0.0050
BQv , mhos/meter 0.2063
Q , meq/ml 0.0919
Cation exchange capacity, (CEC), meq/lOOg 0.5762 




Slope of least square line




Cation exchange capacity, (CEC), meq/lOOg 














Slope of least square line 0.0331




Cation Exchange capacity, (CEC), meq/lOOg 0.9233 




Slope of least square line 0.0222
*Formation Resistivity Factor, F^ 45*0882
Y- Intercept 0.0369
BQv , mhos/meter 1.6649
Qy , meq/ml 0.4342
Cation exchange capacity, (CEC), meq/lOOg 2.5832 





Slope of l^ast square line 0.0111
*Formation Resistivity Factor, FR 90.0128
Y- Intercept 0.1868
BQv » mhos/meter 16.8132
Qv > meq/ml 3*6551
Cation exchange capacity, (CEC), meq/lOOg 15*1096 




Slope of least square line 0.0243
*Formation Resistivity Factor, FR 41.1795
Y- Intercept 0.1860
BQv , mhos/meter 7*6586
Qv » meq/ml 1.6677
Cation exchange capacity, (CEC), meq/lOOg 10.4188 
Porosity from Archie's equation 0.1420
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Core No. A2 at 80,000 ppm salinity brine;
Diameter of core D = 0.0246 m
Distance between potential electrodes L = 0.0254 m
Area of core A = 0.475E-3
Read current from DYM Y = 44.27
Read potential drop from DVM I = 72.50
RRead room temperature Tc = 78°F
Resistance of core at room temperature;
rR =— x C
R I
C = 100, constant for the instrument
r _ ^ ' ^ 7  x 100 = 61.062 ohms.
R 72.50
Correct resistance to 70°F by using the relation;
r?0 = rR/A 
A = 77/(Tr + 77)
T-2410
A = 77/(78 + 7) = 0.906
r„n - 61.062 _ ohms.
'u 0.9060
Resistivity of core 100?6 saturated with 80,000 ppm 
brine (Rw= 0.093 ohm-m at 7°°F)
R o = r70 (A/L)
= 67.4 °-000^75
0.025400
R^ = 1.26 ohm-meter o
CQ, conductivity of core = l/RQ
C q = l/l.26 = 0.793 mhos-m *
Conductivity of core at all five saturating brines
were determined in the same way and then plotted against
the brine conductivities (l/R = ) which should givew w





l/F* x (C + C ) after WaxmanC
and Smits.
Ce = specific conductance of the clay counter ions, 
-1mhos-m
For the straight-line portion of the conductivity curve 
where a constant and maximum exchange-cation mobility has 
been assumed;
Since C0 is considered constant, the slope of the straight
line portion of the conductivity curve is equal to the
/ *reciprocal of the formation resistivity factor 1/F^, the 
intercept BC, obtained by extrapolating the straight line 
of the conductivity plot to the CQ axis, is equal to ^/F^, 
and the line segment AB is equal to C or BQ . The method0 y
of least squares was used to calculate FR , and the AB.
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Slope, S = 0.0714 (from least squares)
F* = l/S = 1/0.0714 = 14.0075
BC = O.O353 (from least squares)
AB = BQ = BC/S = O.O353/O.O714
= 0.4941
B = 4.6 (1 - 0.6 exp^ °-77/Sw >)
R = l/BQ = 2.024 w v
B = 2.7134
Qv = B Q / B  = 0.4941/2.713^
Q = 0.1821 meq/ml.
0 = (F*/0.62)'1//2,15 
0 = (14.0075/0.62)-1/2,15
0 = 23.46$
Q x 0 x 100 
CEC = — ----------
(1 - 0) eg
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5 = 2.65 (assumed)&
CEC = 0,1821 x 0.2346 x 100 
(1 - 0.2346) x 2.65
CEC = 2.1058 meq/100 grams.
PART 2 :
Core No. A2, Sieve Size = 20
Weight of dry crushed sample W = 2.86 gins
ml. of 0.1 normal HC1 used X = 11 ml.
ml. of o.l normal NaOH used for
titration Y = 10.27 ml.
ri?r = (0.1 x X - 0.1 x Y ) 100
W
= (°»1 x 11 - 0.1 x 10.27)100 
2 .86
CEC = 2.55 meq/lOO gms.
In the same way CEC for sieve size 60 sample was 
determined, CECs for the two samples were then plotted 
against sieve size on a semilog graph paper.
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POROSITY CALCULATION:
Bulk volume of core V^ = 15*895 cc
Weight of dry core W^ = 24.908 gins.
Weight of saturated core Wg = 28.287 gms.
Pore volume of rock Vp = Wg - W^
Yp = 28.287 - 24.908
Vp = 3*379 cc
0e = 3*379/15.895 = 0.2126 
= 21.26#
The effective porosities of all the cores are given in 
Table 1. The porosities of the cores HI and K1 were not 
determined because the cores started getting apart while 
saturating with distilled water because of the high 
smectite content.
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APPENDIX-F
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